Abstract The evolution of the mechanical behaviour of zinc dialkyldithiophosphate (ZDDP) tribofilms on diamond-like carbon coatings during sliding contact has been studied by combining nano-indentation experimental data and finite element modelling. The nano-indentation data from the ZDDP tribofilms were obtained for two different sliding distances of the tribological tests after 15,000 and 216,000 cycles, which correspond to 25 min and 6 h, respectively. A non-homogeneous structure was found for the ZDDP tribofilms after both sliding distances, which were also verified by the local stiffness using the AFM force modulation mode. A dual structure is observed for the ZDDP tribofilms after 15,000 cycles, while three distinct components with different mechanical behaviours were found after 216,000 cycles. It was also found that the mechanical behaviour of the harder component of the ZDDP tribofilms remains almost unchanged for both sliding times, while the softer component tends to stiffen slightly over the sliding time. In addition, using the proposed algorithm with finite element simulations, the mechanical properties of the different components have been obtained, e.g. the elastic modulus E = 25.5 GPa and the yield stress Y = 1.585 GPa of the harder component for both sliding times. The softer component exhibits E = 1.65 GPa and Y = 0.144 GPa after 15,000 cycles and E = 3.5 GPa and Y = 0.17 GPa after 216,000 cycles.
Introduction
Surface engineering technologies have seen a significant progress over the past decade. The application of thin coatings, such as DLC, on the surfaces of engine components has provided significant improvements for the automotive industry, especially in terms of decreasing fuel consumption due to energy losses. DLC coatings lead to a reduction in friction, particularly in poor lubrication conditions. DLC coatings also provide an improvement in wear resistance due to their high hardness, high corrosion resistance, and chemical stability [1] . In spite of contrasting results, especially early on, in boundary lubrication conditions, DLC coatings also form tribofilms, which help in reducing both wear and friction [2] .
Among the various automotive additives, ZDDP is one of the most indispensable and crucial due to its excellent anti-wear properties. ZDDP tribofilms have been widely studied for tribofilms formed on steel surfaces [2, 3] , but less so on DLC coatings [4, 5] . Some recent analyses of the mechanical properties and morphology revealed the complexity of ZDDP tribofilms, depending on the DLC coating and the lubricant's additives [6] [7] [8] . This complexity in structure has also been observed in molecular dynamics simulations of ZDDP tribofilms [9] . In our earlier work, we studied the behaviour for a specific testing time [10] . However, how the structure of ZDDP tribofilms and the mechanical behaviour of their components evolve during the sliding time has not been studied in depth.
Knowledge of the mechanical behaviour of the different components of ZDDP tribofilms is needed to understand the origin and the effects on friction and wear, but also in numerical simulations to predict the deformation at contacts and modelling both friction and wear. Therefore, this work has focused on the sliding evolution of the mechanical behaviour of ZDDP tribofilms formed in boundarylubricated conditions on DLC coatings.
In order to establish the constitutive models for the ZDDP tribofilms, the experimental data were obtained from nano-indentations which have been widely used for studying the mechanical properties of engineering materials, coatings, and films [11] [12] [13] [14] [15] [16] . The methods used to extract the mechanical properties from the load-displacement curves of nano-indentations can be divided into two main categories [11] . The first category uses loading-unloading curves to extract the mechanical properties, extending the classic elastic solution of an infinite half space, e.g. the method introduced by Oliver and Pharr [12] . The second category uses intensive FE simulations for generating load-displacement curves for various combinations of mechanical properties and then trying to match the experimental data of the unknown material with the numerical results from the FE simulations to extract the mechanical properties of the analysed material [13] [14] [15] [16] .
In this work, the experimental loading curves of Berkovich indentations were used for establishing how the mechanical behaviour of the ZDDP tribofilms formed on DLC coatings evolves over time. In order to extract the mechanical properties from the experimental nano-indentation data, an algorithm, which consists of a forward algorithm with intensive finite element (FE) simulations and of an inverse algorithm for fitting the FE results of the forward algorithm, has been proposed. Therefore, the analysis of the constitutive models for ZDDP tribofilms is based on methods from the second category, which was found to give better results [17] . Using this algorithm, the constitutive model that best fits the mechanical behaviour of the ZDDP tribofilms is obtained, as well as the mechanical properties of the ZDDP tribofilms. It is interesting that two different components are found for ZDDP tribofilms obtained after a short time [10] , while long-term results show up to three components.
Methodology

Experimental Methods
In order to obtain the ZDDP tribofilms for the nano-indentation, tribological tests were carried out using a tribometer (UMT-2, CETR, CA, USA). The test configuration was a ball on flat in reciprocating motion. The steel balls were rubbed against H-DLC-coated discs that were immersed in a solution of base oil (Group III, Lubrizol, OH, USA) suitable for automotive applications, with 1 wt% of ZDDP (Lubrizol, OH, USA) providing the ZDDP tribofilms on the DLC coatings. The H-DLC coating is a conventionally hydrogenated amorphous DLC coating with an sp3/(sp3 ? sp2) ratio from 35 to 40 % and a hydrogen content of 30 at.%. The thickness of the H-DLC coating was 0.8 lm, with two additional interlayers: a Ti-based interlayer of 0.35 lm and a Si-based interlayer of 0.6 lm. The elastic modulus of the H-DLC coating is 151 ± 3 GPa, and the hardness is 18.7 ± 0.5 GPa. The oil has a viscosity of 76.6 mm 2 /s at 40°C and 12.3 mm 2 /s at 100°C. The tests were performed at an elevated temperature of 100°C to develop the ZDDP tribofilm on the DLC coating. The normal load was set to 10 N, which corresponds to 1 GPa of maximum initial Hertzian contact pressure. A frequency of 10 Hz and a stroke length of 5 mm were set, resulting in an average contact velocity of 0.1 m/s. The durations of the tests were 15,000 and 216,000 cycles. After the tribological tests, the discs were gently rinsed with a solvent (n-heptane) to remove the excess oil, while retaining the adsorbed tribofilms on the surface.
In order to analyse and determine the mechanical properties of the ZDDP tribofilms on the DLC coatings, nanoindentations were carried out with a Berkovich tip using a nano-indenter (G200, Keysight Technologies, CA, USA). Using the continuous stiffness measurement (CSM) mode, the loadings of the load-displacement curves were recorded. The nano-indentation measurements were taken on the surface of the tribofilm at several locations inside the wear track so as to achieve the most representative results. In order to avoid any influence of the substrate, the indentation depth should be set to approximately 10 % of the thickness of the thin films [18] . Therefore, the indentation depth for was set to 20 nm, due to the thickness of the ZDDP tribofilm being 175-200 nm, measured on the same films using an AFM (AFM CP-II, Brucker, CA, USA) [8] .
To verify and understand the nano-indentation data in more detail, the AFM force modulation mode (FMM), which provides local contrast for the mechanical stiffness properties of the surface, was used to evaluate the local mechanical behaviour on the surface of the ZDDP tribofilms. The FMM mode is based on the contact AFM mode; the feedback loop maintains a constant cantilever deflection, i.e. a constant force on the sample. The variation in the cantilever's deflection amplitude at the frequency of modulation is a measure of the relative stiffness of the surface. Therefore, the FMM imaging makes it possible to study the local mechanical properties of the surface, i.e. the relative differences in surface elasticity at nanoscale resolution [19] . The scan size of the FMM images, where the stiffness difference is shown by the brightness on the surface of the ZDDP tribofilms, was 5 9 5 lm 2 .
Numerical Methods
In order to numerically determine the mechanical properties of the ZDDP tribofilms, an algorithm was defined ( Fig. 1 ). This algorithm consists of a forward algorithm and an inverse algorithm, which should be performed sequentially. The forward algorithm begins by establishing the independent variables or material properties of the constitutive model under consideration. When the independent variables are established, a range of values is set for each independent variable, with enough intermediate values to provide a good fitting. Then, intensive FE simulations were performed using all the possible combinations of the different values for the independent variables. During the numerical calculus, ten depths, from 2 to 20 nm in steps of 2 nm, were defined along the loading curve. The numerical results of the loads at the chosen indentation depths were saved in order to be used in the fitting process during the inverse algorithm. The inverse algorithm begins by fitting the FE results using polynomial equations for each specific point of the loading curve. Using these equations, the values of the independent variables that minimise the difference between the experimental data and the values from the fitting equations are calculated for all the specific points at the same time. These calculated values for the independent variables are implemented into the FE nano-indentation simulation again, and the results of the loaddisplacement curve are compared with the experimental data. The values of the independent variables that show the best correlation with the experimental data are chosen as a solution because the solution of the nano-indentation at moderate depths is unique according to Chen et al. [20] . This algorithm is explained in more detail elsewhere [10] .
The numerical simulations of the nano-indentations for the algorithms were performed by means of the finite element method, and the FE analysis was implemented using the commercial package Abaqus (version 6.13-4, ABA-QUS Inc.). The nano-indentations were simulated using an axisymmetric model, and these simulations were displacement-controlled. The ZDDP tribofilms were modelled as a flat body, and the Berkovich indenter was simulated as a cone with a semi-angle of 70.3°, which gives the same area to depth relationship as a pyramidal Berkovich indenter [18] . In all the simulations, four-node, bilinear, axisymmetric, quadrilateral, hybrid, constant pressure (CAX4H) elements were used to model the ZDDP tribofilm, and the node bilinear axisymmetric quadrilateral (CAX4) elements were used to model the Berkovich indenter. The mechanical properties of the ZDDP tribofilm were changed depending on the selected constitutive model, and the indenter (E = 1100 GPa, m = 0.07) was considered as an isotropic, linear elastic material. The model consists of 37,120 elements for the ZDDP tribofilm and 20,160 elements for the indenter. The normal displacement at the bottom of the ZDDP model was fixed. The reaction forces in the normal direction were recorded at every 2 nm of indentation depth between 2 and 20 nm for a comparison with the experimental data.
Results
Experimental Results
The results of the experimental nano-indentations on the ZDDP tribofilms for the DLC coatings after 15,000 cycles show two distinctly different behaviours. These two behaviours are very consistently grouped in a clear mechanical response, as the experimental load-displacement curves shown in Fig. 2 . But due to the experimental measurements, both mechanical responses exhibit some scatter for both components of the ZDDP tribofilms on the DLC coatings. Therefore, an average for the experimental load-displacement curves was calculated for both components (see the dotted lines in Fig. 2 ), which are named as harder and softer components after 15,000 cycles. These two average curves were used to compare with the numerical results of the FE simulations.
The results of the experimental nano-indentations on the ZDDP tribofilms for the DLC coatings after 216,000 cycles are shown in Fig. 3 . In this case, the experimental loaddisplacement curves show three distinctly different behaviours, which are also very consistently grouped in a clear mechanical response and also exhibit some scatter for the components of the ZDDP tribofilms. The averages for the experimental load-displacement curves were calculated for the three components (see the dotted lines in Fig. 3 ). In this case, after 216,000 cycles, these three components are referred as harder, medium, and softer through this work. These three average curves for each component were used to compare with the numerical results of the FE simulations.
Computational Results
Harder Component
The mechanical behaviour of the harder components of the ZDDP tribofilms for both test sliding distances (15,000 and 216,000 cycles) is modelled more accurately using an elastic plastic model obeying a power law [10] . Figure 4 shows the correlations between the experimental data and the numerical solutions.
Medium Component
The mechanical behaviour of the medium component of the ZDDP tribofilms after 216,000 cycles is modelled more accurately using an elastic-plastic model obeying a power law. Figure 5 shows the correlations between the experimental data and the numerical solutions.
Softer Component
In the case of the softer components of the ZDDP tribofilms for both sliding distances (15,000 and 216,000 cycles), the mechanical behaviour is modelled more accurately using a neo-Hookean hyperelastic model with compressibility [10] . Figure 6 shows the correlations between the experimental data and the numerical solutions using a neo-Hookean hyperelastic model. The obtained values for the parameters of the neo-Hookean hyperelastic model were C 10 = 0.39 ± 0.04 GPa and D 1 = 3.8 ± 0.6 GPa -1 after 15,000 cycles and C 10 = 2.1 ± 0.2 GPa and D 1 = 0.7 ± 0.08 GPa -1 after 216,000 cycles.
However, in order to easily compare the mechanical properties among the different components of the ZDDP tribofilms, the mechanical behaviour was also fitted using the elastic-plastic model obeying a power law. Figure 7 shows the correlations between the experimental data and the numerical solutions using an elastic plastic model obeying a power law.
Discussion
The experimental results of the nano-indentations (Figs. 2  and 3 ) clearly show that the ZDDP tribofilms have a nonhomogeneous structure after both sliding times. These nonhomogeneous structured tribofilms agree with the literature about ZDDP tribofilms on steel [2, 3] and on DLC coatings [6] , where a non-homogeneous structure is commonly observed. The experimental results of the nano-indentations clearly show that the ZDDP tribofilms after 15,000 cycles have a dual structure where two different mechanical responses are observed (see Fig. 2 ). This fact indicates that the ZDDP tribofilms on the DLC coatings after a small number of tribological cycles consist of two distinctively different material components. This was found in our Mod. previous work [10] and is the subject of ongoing investigations [7, 8] . Moreover, this fact is in agreement with the literature about ZDDP tribofilms on DLC [6] , where structured ZDDP tribofilms with different kinds of sulphites and phosphates are found. However, the experimental results for the ZDDP tribofilms after 216,000 cycles show a structure that has three components with three different mechanical responses (see Fig. 3 ). Therefore, the ZDDP tribofilms on the DLC coatings cannot be considered as a homogeneous material with a unique mechanical behaviour, but as a structured material with different components that exhibit very different mechanical behaviours, which should take into account when the ZDDP tribofilms are modelled. In this work, the structure of the ZDDP tribofilms after both tested sliding times was additionally proved using AFM topography and the force modulation mode (FMM), which provides local contrast in the mechanical stiffness properties of the surface. Figure 8a shows a topography image of a ZDDP tribofilm after 15,000 cycles, and Fig. 8b shows the corresponding image using the FMM. In the case of the ZDDP tribofilm after 216,000 cycles, Fig. 9a shows the topography image and Fig. 9b shows the corresponding image using the FMM. In Figs. 8b and Fig. 9b , the bright areas correspond to stiffer areas of the ZDDP tribofilm surface, while the dark areas represent the more elastic and more compliant components of the surface [19] . Focusing on the highlighted zones, i.e. the white contours, in Fig. 8 , it is clear that these zones present dark and bright areas. The same difference between dark and bright areas is shown for the ZDDP tribofilms after 216,000 cycles (see the zones highlighted by the white contours in Fig. 9 ). However, in this case, different intensities can be also observed in the bright areas. All of this further confirms that the structure of ZDDP tribofilms becomes more complex over the sliding time changing from a dual structure to even a three-component structure.
The mechanical behaviours of the harder components (Fig. 4) for both test durations and the medium component (Fig. 5) of the ZDDP tribofilms on the DLC coatings are predicted more accurately using an elastic-plastic model Fig . 7 Comparison between the experimental nano-indentation data and the numerical displacement-load results using the elastic-plastic model obeying a power law for the softer component of the ZDDP tribofilms obtained after a 15,000 cycles and b 216,000 cycles Fig. 8 Images of ZDDP tribofilms on DLC coating after 15,000 cycles: a topography and b the corresponding stiffness map using the FMM obeying a power law due to this constitutive model taking into account the plastic deformation during the nano-indentations. However, the mechanical behaviours of the softer components (Fig. 6 ) for both test durations are predicted more accurately using the neo-Hookean hyperelastic model with compressibility. More details about the analysis of the various considered models, i.e. elastic, elastic-perfectly plastic, elastic-plastic with hardening, and hyperplastic, can be found in an earlier work [10] . However, in order to compare the mechanical properties of the different components, the elastic-plastic model obeying a power law was also used to fit the mechanical behaviour of the softer components for both test durations. The values of the mechanical properties are summed up in Table 1 for every component of the ZDDP tribofilms when the elastic-plastic model obeying a power law was used. Therefore, the mechanical modelling of the ZDDP tribofilms on DLC coatings becomes a complex task because the ZDDP tribofilms exhibit non-homogeneous mechanical properties that also change over the time of the contact. The errors for the mechanical properties were calculated by partially differentiating the fitting equations with respect to the independent variables and considering the largest error from among all the results obtained under the different loads.
Regarding the harder components of the ZDDP tribofilms, it was found that the mechanical properties of the ZDDP tribofilms for both tested sliding times remain virtually unaltered over the period of the sliding (see Table 1 ). The harder component of the ZDDP tribofilms enhances the mechanical strength of the tribofilms, as was suggested by earlier studies of ZDDP tribofilms on steel [3] and DLC coatings [6] . This unaltered mechanical behaviour over time indicates that chemically this component occurs since the beginning of the contact and it is maintained over the sliding time.
The medium component of the ZDDP tribofilms is only observed after 216,000 cycles. Therefore, this component appears to have slower chemical kinetics than the other components. As the harder component, the medium component could also provide strength to the tribofilms. This medium component clearly exhibits less stiff mechanical behaviour than the harder component and clearly also a stiffer behaviour than the softer component. The mechanical properties of the medium components can be compared with the other components in Table 1 . It can be speculated that this medium component could be chemically similar or the same as the harder component, but initiated at a later time or it could be a new component with different kinetics and result from intermediate reaction products. However, a proof of this fact requires detailed chemical analyses.
Concerning the softer components of the ZDDP tribofilms, a slight stiffening is found over time (see Table 1 ). The softer components are presumably composed of precipitates from the degradation process and wear [3] , providing lubrication in the contact [21] . This slight stiffening of the softer component could be explained mechanically even though it could be based on chemical or thermal effects. The mechanical explanation would be related to the fact that the generation of the debris and the degradation aggregates is a process over the sliding time with its own kinetics. Therefore, at the beginning of the sliding contact, the debris start to be created intensively because the wear is more severe and the degradation also starts to occur. When the sliding time passes, these debris and aggregates, which are compressible hyperelastic materials as explained above, suffer permanent compression deformation due to the cyclic contact, and then, this component gets stiffer over time (Fig. 10) . Fig. 9 Images of ZDDP tribofilms on DLC coating after 216,000 cycles: a topography and b the corresponding stiffness map using the FMM In summary, in view of all the results from the nanomechanical and finite element analyses, the ZDDP tribofilms on the DLC coatings cannot be described by a single, unique, mechanical response, but rather the ZDDP tribofilms have multiple components that exhibit different mechanical behaviours. Therefore, the ZDDP tribofilms should be considered as structured materials where the mechanical properties of the components could differ by as much as an order of magnitude (see Table 1 ). The mechanical behaviour of these multi-structured ZDDP tribofilms on DLC coatings is relatively complex, depending on the type of DLC coatings, additives, and sliding distances [7, 8] , but the multi-structure of the ZDDP tribofilms also evolves over the sliding time. Therefore, the mechanical modelling of the ZDDP tribofilms on DLC coatings becomes a complex task because they exhibit nonhomogeneous mechanical properties that also change over time. However, the current results show that a nano-mechanical analysis coupled with FEM can provide important findings about how the ZDDP tribofilms are structured during the sliding contact.
Conclusions
The sliding evolution of the ZDDP tribofilms on DLC coatings presents the following features:
• The structure of the ZDDP tribofilms on DLC coatings changes during the sliding time. After 15,000 cycles, it is found a dual structure with a softer and a harder component, but, after 216,000 cycles, the ZDDP tribofilms have three different components: harder, medium, and softer.
• The harder component of the ZDDP tribofilms on the DLC coatings remains unchanged in its mechanical behaviour during the sliding time.
• The softer component of the ZDDP tribofilms on the DLC coatings suffers slight stiffening during the sliding time.
• The mechanical behaviour of the harder and the medium components is predicted accurately using the elastic-plastic model obeying a power law for both sliding times of the tribological tests, i.e. 15,000 and 216,000 cycles.
• The mechanical behaviour of the softer component is predicted accurately using the neo-Hookean hyperelastic model with compressibility for both sliding times of the tribological tests, i.e. 15,000 and 216,000 cycles.
• The ZDDP tribofilms on the DLC coatings cannot be considered as a homogeneous material with a steady and unique mechanical behaviour, but as a structured material with different components that exhibit very different mechanical behaviours, which can even change over the time period of sliding. 
